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■ INTRODUCTION
For many applications of single-walled carbon nanotubes (SWCNTs), separation by electronic type, diameter, or chirality is important. There are two general procedures that can lead to SWCNT separation: postgrowth processing or high precision control during synthesis. Postgrowth processing has become very effective (see, for example, ref 1.) ; however, such separation techniques pose challenges as they typically require solution phase manipulations that usually damage carbon nanotubes (CNTs) and are currently only effective for short (<10 μm) CNTs. Most importantly, postgrowth separation can only be successfully performed on solutions that already contain the desired CNTs, and the yield of the separation techniques will always depend on the initial distribution of CNTs in the sample. Ideally, one would be able to grow CNTs of one single specific chirality. Being able to narrow down the distribution of diameters and chiralities is a step toward this goal. To achieve this greater level of control over the distribution of SWCNTs, the underlying mechanisms that lead to selectivity must be understood.
Much research on the mechanisms that determine SWCNT diameter and chirality has been done, 2−12 and various models have been proposed. Importantly, the CNT diameter has been shown to depend on the catalyst nanoparticle diameter. 3 An kinetic growth rate mechanism based on a screw dislocation derived model has been proposed to explain the distribution of chiralities among SWCNTs. 8, 12 In the present report, we highlight the effects of the intrinsic thermodynamic stability of the SWCNT lattice on the diameter distribution. Defect densities are also a defining characteristic of CNT ensembles, as they are for any crystalline material. The presence of defects alters the optical and electronic properties of CNTs. We find a single common activation energy in the D/G ratio (a measure of the defect density) over a wide range of synthesis conditions and produced CNTs. This observation suggests that the defect density is determined primarily by a single activated mechanism, such as the catalytic healing of defects 13−15 as the CNT grows. Moreover, as many different types of defects may be present, the single activation energy suggests that the defect density is determined primarily by the healing of a single type of defect, for example, a simple defect, such as a pentagon/ heptagon pair. This has important consequences for the type of material that can be grown.
■ EXPERIMENTAL METHODS
The CNT forests grown here were produced in a cold-walled chemical vapor deposition (CVD) reactor operated at atmospheric pressure, using dilute acetylene 16, 17 (0.1% C 2 H 2 , 99.9% Ar) as the carbon source gas, water vapor 18 (obtained from a bubbler) and hydrogen gas (2% H 2 , 98% Ar) as enhancers, Ar as a carrier gas, and a Co/Al 2 O 3 thin film as the catalyst. The catalyst (0.35 nm Co and 50 nm Al 2 O 3 layers) is deposited as uniform layers by e-beam evaporation onto a 0.5 mm thick silicon wafer with a 1 μm thermal oxide that is then cleaved into ∼90 mm 2 pieces for growth. Upon heating to high temperatures, the thin Co layer breaks into nanoparticles (with a wide distribution of diameters that is greater than 0.35 nm but does depend on the initial thickness of the layer). 19−21 Complete details on the growth procedure can be found in the Supporting Information. Here, we vary both the growth temperature T and the C 2 H 2 partial pressure P (through the C 2 H 2 flow rate F). The entire range of growth temperatures that produce CNT forests is explored. Outside of this temperature range, either low yield surface CNTs or nothing at all grew. We also analyze previously published data obtained from forests grown using ethanol 22 and acetylene 23 as source gases.
Raman spectra were acquired using a custom built Raman spectrometer 24 with 532 nm excitation. The CNT forests were analyzed ex situ, without any modification or processing, using a2 0 × objective in plan view, looking orthogonal to the top surface of the forests (parallel to the average CNT axis). All spectra were acquired ex situ at room temperature. For each forest, a minimum of three spectra were acquired, each from a different location on the same forest. Each spectrum consists of five 6 s acquisitions. The power density was kept low enough to prevent burning of the CNTs. We also compare the data acquired in the present report to some of our prior results 22, 23 that were obtained at both 532 and 785 nm.
■ RESULTS AND DISCUSSION
Typical Raman spectra of our CNT forests, normalized to the G + peak maximum, are shown in Figure 1 . Here, we present only some of the Raman spectra; additional spectra for all other growth temperatures at 20°C intervals from 700 to 980°C are available in the Supporting Information (Figures S1 and S2) . From Figure 1 , it is clear that the D band intensity (∼1330 cm −1 ) decreases with increasing growth temperature T, indicating that the CNTs produced at lower growth temperatures are more defective. The Raman spectra also appear to be typical for SWCNT ensembles, with a relatively low D/G ratio and strong and abundant radial breathing modes (RBMs). We, therefore, assume that each RBM is associated with a different diameter SWCNT. This is consistent with the expectation that a sufficiently thin metal catalyst film will favor predominantly SWCNTs, as previously reported for iron. 21 As the growth temperature increases, RBMs at smaller Raman shifts appear, while RBMs at larger Raman shifts disappear, indicating that the diameter distribution is shifting toward larger diameters. The G − peaks provide further evidence of the same trend. All of these changes will now be discussed in detail.
D/G Ratio. The ratio of the D band intensity I D to the G band intensity I G (the D/G ratio I D /I G ) is indicative of the density of defects in a CNT sample. In the present report, the forests are sufficiently thick that the underlying silicon substrate is generally not visible in the Raman spectra. Because the laser spot size and penetration depth remain constant, the total volume of CNT forest contributing to the Raman signal remains constant, and the D/G ratio provides a meaningful measure of the density of defects.
We calculate the D/G ratio using the integrated intensity of each band obtained from a fitted Lorentzian curve. We observe only a single D band peak and use only the G + peak for this calculation (the G + peak is fitted simultaneously with the G − peaks). The D/G ratio is plotted in Figure 2 (black circles and solid black line) as a logarithmic function of 1/k B T, where k B is the Boltzmann constant. A straight line fitted to the data will thus have a slope that gives a characteristic energy E = 0.82 ± 0.03 eV (79 ± 3 kJ/mol) that describes the relationship I D /I G ∝ exp(E/k B T). The proportionality constant is found to be (4 ± 1) × 10
. Also plotted on Figure 2 are the D/G ratios from previous reports for ethanol CVD with 0.8 nm of Co catalyst (red), 22 acetylene CVD with 0.8 nm of Co catalyst (green), 23 and a lower concentration ethanol CVD (10% of the other, but otherwise identical growth conditions) with 0.8 nm of Co catalyst (blue). The three lines with a positive slope are all parallel to the 0.82 eV line from the present report and provide a good fit to their respective data sets. The negative slope lines (dashed) are to guide the eye and highlight the critical point at which the temperature dependence changes for the ethanol data sets.
Raman spectra for each of the four data sets in Figure 2 are available in the Supporting Information for growth temperatures of 700 and 900°C ( Figures S3 and S4, respectively) . At 700°C, only the forests grown for the present report (C 2 H 2 carbon source and 0.35 nm of Co catalyst) show a significant number of RBMs (therefore, suggesting a significant number of SWCNTs) and a D/G ratio that is significantly less than 1. At 900°C, all growth conditions have RBMs and lower D bands. The lack of RBMs on the thick catalyst samples with low growth temperatures suggests that there may be multi-walled carbon nanotubes (MWCNTs) present on these samples.
We previously found a characteristic energy of 1.1 ± 0.1 eV (110 ± 10 kJ/mol) for ethanol CVD. 22 There are two reasons why this is different from the present characteristic energy of 0.82 ± 0.03 eV (79 ± 3 kJ/mol). First, the ethanol data have a critical point where the dependence on temperature changes and the exact position of this point is not easy to determine. The slope will change based on which points are included in the fit. Second, the scatter in the ethanol data is rather large. The scatter in the present data is much smaller due to more stringent controls on the acquisition of the Raman spectra. In Figure 2 , it appears that these two data sets are parallel.
The exact nature of the mechanisms that generate defects is restricted by the data presented in Figure 2 . For each data set, the 0.82 eV slope fits the data quite well. This suggests that the mechanism responsible for this temperature dependence is independent of the source gas, concentration, and catalyst thickness/size (though these all affect the value of the D/G ratio through the intercept in Figure 2) . Preliminary D/G ratio data obtained from CNT forests grown with Fe catalyst suggest an activated temperature dependence, but with a noticeably lower activation energy (see the Supporting Information, Figure S6 ). We have previously reported that the kinetics of ethanol growth and acetylene growth differ significantly, 22, 23 despite the fact that their D/G ratios are similar functions of growth temperature T. The Raman spectra for all four data sets shown in Figure 2 (see the Supporting Information, Figures S3 and S4) differ considerably in terms of CNT species (in particular, SWCNTs vs MWCNTs) and quality, suggesting that the defect density is independent of the material produced. Combined, all of the above observations suggest that the mechanism that determines the defect density is intrinsic to the formation of a graphene lattice.
The fact that a single activation energy is seen across all the data sets suggests that a single mechanism is responsible for our observations. The healing of defects 13, 15 satisfies the above criteria. Furthermore, the single energy suggests that the healing of a single type of defect may be responsible. We propose that the observed temperature dependence of the D/G ratio is a result of the activated catalytic healing 15 of one single type of simple defect, such as a pentagon/heptagon pair. Although many types of defects may form in the CNT lattice and eventually be integrated into the CNT, the defects with the lowest activation energy for healing will be the most readily healed. Higher growth temperatures make this healing process more effective, thus leading to a lower overall density of defects.
In general, defect healing can have an activation energy much higher than the observed 0.82 eV; a simple low-energy pentagon/heptagon pair can have a formation energy of up to 4.4 eV. 15 The presence of edges, catalytic adatoms, or metal catalyst can lower the energy barrier for healing to values on the order of 1 eV. 15, 25, 26 This mechanism, therefore, depends on the catalytic material used (as suggested by our preliminary Fe investigation), and this dependence would likely be seen in the magnitude of the characteristic energy. 15, 27 It is also possible that the observed energy (0.82 eV) may be the result of a barrier to carbon surface diffusion. As the temperature increased, more carbon would reach the growth front and potentially lead to fewer defects. The increased rate of carbon diffusion should also lead to an increased growth rate. This explanation appears inconsistent with our data because, in a previous report, 23 we have observed that the growth rate does not increase with temperature in our C 2 H 2 CVD process.
The critical point in the ethanol D/G ratio data sets (see ref 22.) shows that there is a second mechanism for ethanol growth that determines the D/G ratio. This mechanism is likely related to the opening of a new defect production pathway at high growth temperatures that may be related to, for example, the onset of the gas phase pyrolysis of ethanol. The critical point may depend on the catalyst material as well, but seems to be unique to ethanol as it is not observed for acetylene over the entire temperature range.
The D/G ratio can be written as being proportional to the defect density n D , which was determined for graphene to be (for 532 nm laser excitation) 28 
2 , where (I D /I G ) peak is the ratio of the peak intensities, instead of the integrated intensities used in the present report. To account for this difference in I D /I G ,w e include an extra factor of 0.4 ± 0.1 (see the Supporting Information, Figure S7 and related text). The linear defect density (along the length of an SWCNT of diameter d)isλ D = πdn D , and the fractional defect density (number of defects per carbon atom) is given by
Here, Ω = 0.026 nm 2 /carbon is the density of graphene. Note that a single defect may affect many carbon atoms. For an SWCNT with a D/G ratio of 0.1 (which occurs at ∼950°C), we find f D = 2.3 × 10 −6 defects/carbon (or equivalently 1 defect per 4.4 × 10 5 carbon atoms) and λ D = 0.28 defects/μm (for a 1 nm diameter SWCNT). Conversely, this means that it would be possible to grow a 3.6 μm segment of a 1 nm diameter SWCNT without any defects at ∼950°C.
Here, the linear growth rate for C 2 H 2 CVD is on the order of 1 μm/s, 23 corresponding to 1.2 × 10 5 carbon/s added to the CNT (for a 1 nm diameter SWCNT). At this temperature, the D/G ratio is ∼0.3, which is equivalent to f D = 6.9 × 10 −6 defects/carbon. This implies that defects are incorporated into the CNT at a rate of ∼1 defect/s. The actual defect production rate would be at least this high; however, it is more likely that defects are produced at a much higher rate and then healed.
The synthesis of a graphene lattice (and, therefore, CNTs) from C 2 H 2 is thermodynamically spontaneous under experimental conditions up to very high temperatures (∼3000°C; see below). However, it is commonly observed that temperatures above ∼550°C are necessary to grow CNTs in CVD. The defect healing mechanism predicts a minimum temperature for growth: at low temperatures, the lattice is too
The Journal of Physical Chemistry C defective to grow. If we assume that a certain defect density is sufficient to prevent growth, we can calculate the minimum temperature required for growth using the results presented in Figure 2 . For example, if a defect density of λ D = 1 defect/nm in a 1 nm diameter SWCNT (n D ∼ 0.32 defects/nm 2 and f D ∼ 1 defect/120 carbon atoms) is sufficient to prevent growth from occurring, we find a minimum growth temperature T ∼ 200°C if we extrapolate using the line of best fit in Figure 2 .
Here, the observed minimum temperature for CNT growth is ∼660°C. If defect healing was the mechanism determining this temperature and preventing growth, it would correspond to a much smaller defect density of n D ∼ 2.5 × 10 −5 defects/nm 2 (λ D =8× 10 −5 defects/nm in a 1 nm diameter SWCNT). Thus, although the defect healing mechanism does set a minimum temperature for growth, here it is probable that this minimum temperature is determined by a different mechanism, such as a lack of catalyst nanoparticles forming as the temperature becomes too low. 19, 20 The healing of defects also explains why high growth temperatures produce fewer defects, as the higher temperatures promote an increased healing rate. Above, we calculated that it is possible to produce a 3.6 μm segment of a 1 nm diameter SWCNT without any defects at ∼950°C. Extrapolating to a slightly higher temperature (∼1200°C, I D /I G ∼ 0.03), it should be possible to produce a 12 μm segment of a defect-free 1 nm diameter SWCNT. At even higher temperatures (∼1500°C, I D /I G ∼ 0.009), a 40 μm segment of a defect-free 1 nm diameter SWCNT should be possible. Of course, as T increases, other mechanisms, such as gas phase etching, may set in.
Although defects are minimized at high growth temperatures T, here, higher T also have a significantly lower yield (represented by forest height H, as shown in the Supporting Information, Figure S8 ), thus highlighting a trade-off between the quality and quantity of currently produced CNT forests, as recently reported by Kimura et al. 29 The trend of forest height H as a function of growth temperature T (see the Supporting Information, Figure S8 ) for the forests in the present report is consistent with our previous report of acetylene growth. 23 Although using a thin catalyst (0.35 nm in the present report) lowered the D/G ratio (see Figure 2) , it also decreased the yield. Decreasing the C 2 H 2 flow rate F does slightly improve sample quality, with the D/G ratio changing from 0.3 to 0.2 (at T = 840°C) as F decreases from 270 to 40 sccm (see spectra in the Supporting Information, Figure S5 ). Decreasing F likely improves the D/G ratio because the lower flow rate provides a lower growth rate, thus providing more time to heal the defects as the CNT is growing.
14,15 Decreasing F does not have a noticeable effect on the yield, but it does significantly lengthen the growth time required to achieve a similar yield, which is an important consideration by itself.
CNT Diameters. The other main trend seen in the Raman spectra (Figure 1 ) is that the positions of the RBMs shift toward smaller Raman shifts, and thus larger diameter SWCNTs, as the growth temperature T increases. This is commonly observed in many synthesis processes. 5,9,11,30−38 We identify 10 regular RBMs that consistently show up in our spectra (see Table 1 ). We calculate the diameters of the associated SWCNTs using the relationship ω RBM = 248/d cm
with d in units of nanometers. 39 We track the intensity of each RBM as a function of growth temperature T in Figure 3a , which shows the intensity of each RBM relative to G + (thus normalizing for the amount of carbon) and then normalized to 1 at its maximum. Relatively, smaller diameter SWCNTs become less abundant as T increases while the relative abundance of larger diameter SWCNTs increases. RBM 1 was consistently very weak, and meaningful data of this type could not be extracted.
Smaller diameter SWCNTs have their maximum intensity at lower growth temperatures than the larger diameter SWCNTs. As the growth temperature increases, increasingly larger diameter SWCNTs reach their maximum abundance and then decline. It is interesting to note that some curves in Figure 3a (corresponding to 1.06, 1 .09, and 1.16 nm SWCNTs) 4 288 ± 2 0.860 ± 0.005 RBM 5 270 ± 2 0.917 ± 0.005 RBM 6 235 ± 1 1.058 ± 0.005 RBM 7 227 ± 1 1.094 ± 0.005 RBM 8 214 ± 1 1.160 ± 0.008 RBM 9 192 ± 2 1.30 ± 0.01 RBM 10 170 ± 2 1.46 ± 0.01 have a double peak. This may arise from unresolved doublets in the RBM spectra. If an RBM was really two (or more) unresolved peaks from slightly different diameter SWCNTs, we might expect that each would reach a maximum abundance at a different temperature.
To further quantify this shift toward larger SWCNT diameters d at higher growth temperatures T,w ed e fine an average diameter d av , which is taken as a weighted average of the RBMs' peak positions. The weighting is given by the integrated intensity of each RBM relative to the total integrated intensity of all the RBMs. The intensities are determined by fitting the spectra with a series of Lorentzian curves, one for each RBM. This parameter is plotted in Figure 4 (open circles) and varies from a minimum of 0.94 nm at 700°C to 1.09 nm at 980°C. We note that d av is heavily influenced by resonance effects, and, in particular, the RBMs at 235 and 227 cm −1 (corresponding to 1.06 and 1.09 nm diameter SWCNTs respectively), which are consistently intense.
The minimum observed diameter d min and maximum observed diameter d max can also be determined. From Figure  3a , the 0.75 and 0.81 nm diameter SWCNTs disappear completely as the growth temperature increases, whereas the 1.30 and 1.46 nm diameter SWCNTs appear. Although RBM 1 (representing a 0.59 nm diameter SWCNT) is not shown in Figure 3a due to its low signal/noise ratio, it is clearly absent above 820°C (see the Supporting Information, Figure S2 ). Using these points, and the overall smallest and largest observed diameters (dashed lines in Figure 4) , we can approximate d min and d max , which are shown as the triangles in Figure 4 . We see that d av (open circles in Figure 4 ) seems to track d min and d max quite well, and thus provides a reasonable estimate of the true average.
While the positions of the RBMs are most commonly used to determine SWCNT diameters, the positions of the G − peaks also depend on the diameter. To supplement the diameter information obtained from the RBMs, we also look at the position of the G − peaks ω G − . For semiconducting SWCNTs, this dependence is: ω G − = 1582−27.5/d 2 cm −1 with d in units of nanometers. 40 Due to the sharp line shape and nice fitb ya single Lorentzian, we assume that the G − peaks that we observe all correspond to semiconducting SWCNTs. 39 We identify three strong G − peaks that consistently appear in each spectrum, and we track these peaks as a function of growth temperature T. The positions of these peaks are given in Table  2 , along with their calculated diameters.
As with the RBMs, we track the intensity of each G − peak as a function of growth temperature T in Figure 3b , which shows the intensity of each G − peak relative to the G + peak and normalized at its maximum. The G − results in Figure 3b are consistent with the RBM results in Figure 3a : smaller diameter SWCNTs become relatively less abundant as the growth temperature increases, whereas larger diameter SWCNTs become relatively more abundant, with the abundance peaking at higher growth temperatures for larger diameter SWCNTs.
Unlike the RBMs, the G − peak data are noisier due to increased difficulty fitting the peaks on the sloping background, whereas the RBMs had a relatively flat background. Furthermore, the G − peaks are not readily visible throughout the entire temperature range for this same reason: they become washed out by the background. The peaks visible at lower growth temperatures (G 1 − and G 2 − ) correspond to smaller diameter SWCNTs than the peak visible at higher growth temperatures (G 3 − ), which shows a shift to larger diameters at higher T and is consistent with the results derived from the RBMs.
Finally, the SWCNT diameter dependence on growth temperature can be obtained from the position of the D band ω D , which, at all T, is well fit by a single Lorentzian line shape. For a single SWCNT, ω D is related to the diameter d:
with d in units of nanometers. 41 Here, ω D o and C are equal to 1354.8 cm −1 and −16.5 nm/cm, respectively, for 2.41 eV laser excitation and 1309 cm −1 and −18.9 nm/cm, respectively, for 1.58 eV laser excitation. 41 To determine the parameters for 2.33 eV (532 nm) laser excitation, we use linear interpolation and find ω D o = 1351 cm −1 and C = −16.7 nm/cm.
For an ensemble of CNTs, as in the forests of the present report, the observed position and width of the D band depend on the distribution of CNTs in the sample. 22, 27 As the growth temperature increases, we do see a slight shift in the position of the D band, which can be related to a shift in the average diameter of the SWCNTs toward larger diameters. These data are shown in Figure 4 as the solid black line and is consistent with the temperature dependence determined from the RBMs.
Thermodynamic Model. The shift to larger diameter SWCNTs with increasing growth temperature T is seen in many different CVD processes using a wide variety of source gases and catalysts. 5, 9, 11, [32] [33] [34] [35] 37, 38 Furthermore, such behavior has also been reported in pulsed laser synthesis. 30, 31 Given that these processes vary considerably from one another but all show a similar diameter dependence on temperature, it seems probable that there is a common mechanism that determines the SWCNT diameter distribution and that this mechanism is intrinsic to CNT growth, as opposed to being specific to one particular catalyst or source gas. One potential explanation for the commonly observed diameter dependence is the thermodynamic stability of the CNT lattice 4, 5, 34, 42 or the cap. 43 Previous studies have explored the interactions between the SWCNT cap and the catalyst nanoparticle at the atomic level using models of strain, 2 thermodynamic models, 44 and simulations. 45−48 However, connecting these results directly to CVD process parameters (in particular, source gas pressure and composition) can be challenging. Here, we look at the overall chemistry and thermodynamics of growth in relation to the CVD process parameters (temperature, pressure, and gas composition) and, using a model of this, investigate to what extent the observed temperature dependence of the diameter distribution can be explained by the intrinsic formation thermodynamics of CNTs. For simplicity, we consider only SWCNTs and assume that once one begins growing, its diameter does not change, 24, 38 though it remains possible that the nanoparticle diameters may change due to Ostwald ripening. 49 To understand this intrinsic thermodynamic effect, we suppose that SWCNTs grow using carbon produced in the complete decomposition of the C 2 H 2 source gas into graphite and hydrogen:
Although this is the overall reaction of the C 2 H 2 reactant to the CNT product, the reaction itself can be broken down into a series of elementary steps, such as those proposed by Eres et al. 50 and Wirth et al. 51 However, here we are interested in the overall reaction because we are interested in the overall thermodynamics of the reaction.
A chemical reaction is spontaneous when its change in free energy ΔG = ΔH − TΔS <0(ΔH is the enthalpy of formation, and ΔS is the entropy). For the above reaction, the thermodynamic parameters are (per carbon atom produced and in the standard state, designated by "°") ΔH°= −1.18 eV/ carbon (114 kJ/mol carbon) and ΔS°= −0.305 meV/K/ carbon (29.4 J/K/mol carbon). 52 However, in the actual chemical reaction (eq 2), C 2 H 2 and H 2 are not in their standard states. The effect of the pressure P of the gaseous chemicals alters the change in free energy, ΔG = ΔG°+ Σn i k B T ln(P i /P°), where the n i are the stoichiometric coefficients (positive for products and negative for reactants) and "°" denotes the standard state. For the above chemical reaction, this makes the overall change in free energy
Here, P C 2 H 2 =90PaandP H 2 = 540 Pa. Setting ΔG < 0 in eq 3 means that this reaction (eq 2) is spontaneous up to ∼3000°C under experimental conditions. For an SWCNT, the thermodynamic parameters must be adjusted due to the different crystal structure of CNTs. We consider two possibilities involving the strain in the SWCNT: the strain due to rolling the graphene sheet into an SWCNT and the strain in the formation of the CNT cap. We suppose that this strain energy E changes the enthalpy of formation of graphite ΔH°to ΔH°+ E. There may also be changes in ΔS°, but we assume that these effects are negligible. 5n m ) , 57 but since we are primarily considering SWCNTs with diameters in this range, higher diameter deviations are ignored.
The strain energy has the same form for both the CNT lattice stability and the cap stability. One can understand intuitively that the cap stability has a higher energy scale because its curvature is in two dimensions, whereas the rolling of the CNT takes place in only a single dimension.
Initially, adding new carbon to the SWCNT requires the additional energy (relative to graphite), as shown in eq 4, with A ∼ 0.22 eV nm 2 . As the length of the nanotube increases toward infinity, this strain energy per carbon atom decreases rapidly as new carbon atoms are added to the SWCNT lattice according to eq 4 with A = 0.08 eV nm 2 . The SWCNT cap energy, as shown in eq 4, should also contain some correction terms to account for the fact that, unlike a free-standing fullerene, the half fullerene of the cap interacts with the catalyst nanoparticle. These interactions have previously been shown to be important. 2,44−48 One correction is an interaction between each carbon atom in the cap and the catalyst nanoparticle. As a first approximation, this is a constant on a per carbon atom basis and should reduce the enthalpy of formation of the cap. The other correction is an interaction between the edge of the cap and the catalyst nanoparticle. This correction depends on the number of carbon atoms around the perimeter of the cap, which is proportional to d. On a per carbon atom basis, this correction is proportional to d −1 since the number of carbon atoms in the cap is proportional to d 2 . On the basis of previous reports, 45, 47, 48 these corrections may be on the same order of magnitude as the strain energy.
T h eo v e r a l lc h a n g ei nf r e ee n e r g yf o rt h ec o m p l e t e conversion of acetylene into SWCNTs is given by
To determine the minimum diameter d min , we set ΔG = 0 in eq 5 and solve for d. The results are presented in Figure 4 as the red and blue solid curves for the cap energy and rolling energy, respectively. The higher growth temperature range (with a logarithmic scale) shows the overall trend. The model predicts a minimum diameter of 0.52 nm at 700°C , which increases continuously to 0.56 nm at 980°C. Experimentally, the observed minimum diameter varies from 0.59 nm at 700°C to 0.86 nm at 980°C. Comparing the models' predictions to our results, the stability boundary obtained from the SWCNT formation thermodynamics (blue curve in Figure 4) is lower than the experimental data. On the other hand, the stability boundary obtained from cap formation thermodynamics (red curve in Figure 4 ) is quite close to the experimental values.
The minimum diameter d min as predicted by the thermodynamics of the SWCNT formation (blue curve in Figure 4) is a firm lower limit on the diameter as it represents the final product of synthesisa free-standing SWCNTand the reaction must lead to this product in the end. The thermodynamics of the cap formation, as plotted in Figure 4 (red curve), represent a tighter constraint on d min . If the abovementioned corrections to the enthalpy of formation of the SWCNT cap result in a cap that is more thermodynamically stable than an SWCNT of a given diameter (in Figure 4 , this corresponds to the red curve being lower than the blue curve), this would lead to the situation where a small diameter cap could form, but an SWCNT could not grow. In this case, d min for the produced SWCNTs would necessarily be determined by the thermodynamics of the SWCNT formation (blue curve).
The deviation between predicted and observed minimum diameters is not surprising. First, Raman spectroscopy is a resonant process; it only probes a subset of the SWCNTs present in the sample. The minimum diameter, as measured with Raman spectroscopy, is thus only accurate so long as the smallest diameter in the distribution happens to be in resonance. With only one excitation wavelength, we extract a very rough d min and d max with steplike features larger than the spacing of subsequent diameters. Second, the actual situation during growth is more complex than presented in the model. For example, the interaction between the edge of the cap and the catalyst nanoparticle should also influence the chirality. 67 This model predicts a dependence on the partial pressure of C 2 H 2 , P. We test this by varying the C 2 H 2 flow rate F (at T = 840°C) while keeping the other flow rates fixed, thus varying the partial pressure of C 2 H 2 . Following the same procedure used to analyze the temperature dependence, we do find a change in d av as a function of pressure: a decrease from 1.01 to 0.94 nm as the pressure is increased from 39 to 92 Pa, which is shown in Figure 5 as open circles. The minimum diameter d min and maximum diameter d max are shown as triangles, along with the average diameter as determined from the D band (solid black line) and the theoretical curves (red for cap energy and blue for rolling energy). The dependence of the SWCNT diameter on pressure has been reported by others. 7,11,68−70 Raw spectra can be found in the Supporting Information ( Figure  S5) . The model fits the data as well as it does in Figure 4 . Here, the trends are more subtle, but that too is predicted by our model.
Because eq 5 relates the growth temperature T and C 2 H 2 pressure P, one can construct a "phase diagram" that describes the spontaneity of SWCNT growth. This "phase diagram" is shown in Figure 6 using A = 0.22 eV nm 2 and P H 2 = 540 Pa.
SWCNT diameters are only thermodynamically favorable above the indicated lines. In general terms, in order for the formation of very narrow CNTs from C 2 H 2 to be energetically favored, one requires either high pressure P or low growth temperature T. Our data also indicated a maximum diameter d max that varied as a function of T. We now consider the origin of d max . In order for CNT to grow, the lattice, as it forms on the catalyst nanoparticle, must "lift off" from the nanoparticle and break free from the adhesion energy holding it there.
2,45−48 This adhesion energy is otherwise a barrier to growth. It has been shown previously that this adhesion energy is comparable to the cap formation energy. 45 Larger diameter caps have more carbon atoms, and thus greater total adhesion energy. As the growth temperature increases, larger caps are able to lift off, thus producing larger diameter SWCNTs. This may explain the observed temperature dependence of the maximum diameter.
Finally, we outline how our thermodynamic model can be applied to other synthesis processes. Most importantly, the chemical reaction involved in growth must be known, as is shown here for C 2 H 2 in eq 2. The pressures of the gases can also be very important because the temperature dependence of d min comes from the term ΔS = ΔS°− Σn i k B ln(P i /P°), where ΔS is the real entropy (corrected for nonstandard conditions) and the n i are the stoichiometric coefficients (positive for products and negative for reactants). Here, the pressure correction term is small; however, for other carbon sources, it may be large enough to change the sign of ΔS, and thus drastically alter the temperature dependence of d min .
Different carbon sources can yield different trends, depending on the signs of ΔH°and ΔS (four possible cases exist; see the Supporting Information for further details). As an example, CNT growth from CO has a well-known chemical reaction (disproportionation of CO), 68 and our thermodynamic model can thus be applied. The predicted trend for CNT growth from CO as a carbon source is qualitatively similar to that for C 2 H 2 , and is generally consistent with experimental results for the temperature dependence 9 
This reaction has a change in entropy ΔS with the opposite sign (compared to C 2 H 2 and CO), and we find that d min is predicted to decrease with increasing T (see the Supporting Information). Our own ethanol data (see ref 22 .) is not sufficiently clear to extract d min as a function of T; however, the predicted temperature dependence is contrary to other published results 5, 11, 32, 34 that show that d min increases with increasing T, like the C 2 H 2 data in the present report. This difference may be a result of a different mechanism determining d min by setting conditions on growth that are more strict (see the following section on "growth filters"). Furthermore, the above chemical reaction may not be the reaction that leads to growth (and thus determines the diameter). Regardless, whatever reaction does lead to growth (whether or not d min is determined by thermodynamics or another mechanism that is more strict), only CNTs that are thermodynamically favorable can grow.
Growth Filters. Other mechanisms do contribute to determining the diameter distribution of SWCNTs. The most prominent of these mechanisms involves the catalyst nanoparticle, which is known to affect the diameter of the CNTs that they produce. 3 Mechanisms that alter the catalyst nanoparticle shape or diameter distribution thus likely alter the diameter distribution of the grown SWCNTs as well. The "phase diagram" in Figure 6 alone cannot determine the diameters of the SWCNTs that would be produced in a synthesis process. In order for any CNTs to grow, all mechanisms would need to be "properly aligned" in the sense that they must all allow for the formation of CNTs in the same diameter range.
Another way of looking at this is to consider that the observed diameter distribution is the result of a series of "filters" through which all diameters are sorted. In general, the abundance of different CNTs is a result of nucleation, growth, and termination. Each of these three stages represents a very coarse filter. Here, we can go one step further and look at some of the mechanisms involved in each of these coarse steps, each of which includes thermodynamic filters and kinetic filters. For a given species of SWCNT (as defined by its chirality (n,m)) to appear in the final synthesized material, it must be able to pass through each of these different filters.
The nucleation filter can be split up: the formation of each (n,m) SWCNT and its cap must be thermodynamically favorable, as shown in the "phase diagram" in Figure 6 . This requires the appropriate combination of growth temperature and gas pressures. Additionally, the size distribution of the catalyst nanoparticles must allow for the growth of each (n,m), whether this is an effect of size, shape, or chemical state of the nanoparticles. Finally, nucleation must occur at an appreciable kinetic rate for each (n,m).
Like the nucleation filter, the growth stage must also be thermodynamically favorable for each (n,m), as well as kinetically favorable for each (n,m) because the SWCNTs must grow at an appreciable rate. One kinetic filter during this stage may include mechanisms such as the screw dislocation growth theory that favors high chiral angles. 8, 12 Finally, termination must not occur too quickly for each (n,m)o r growth will be limited. One consideration for termination is the effect of neighboring CNTs, which is especially important in CNT forest growth. If the CNTs are all growing at vastly different rates, there will be significant strain in the forest, and this may bring about termination. 23, 71 Any (n,m) SWCNT that passes through all of these filters will be observed in the final product. The complete "misalignment" of any of these filters would be sufficient to prevent the growth of CNTs altogether.
One potential general way to produce a limited selection of SWCNT diameters can be proposed based on the above discussion by considering two of the filters that occur during nucleation: the thermodynamics of cap formation and the effect of the catalyst nanoparticles, assuming that the nanoparticles can set a well-defined maximum and minimum diameter for the SWCNTs that they produce. First, one must set the properties of the catalyst nanoparticle (size, shape, and chemical composition), thus setting a maximum and minimum allowable SWCNT diameter with this filter. Although the size of the catalyst nanoparticles is affected by the temperature, the size can also be controlled during the catalyst preparation stage. The growth temperature T can then be tuned, thus setting a minimum (and maximum) thermodynamically allowed diameter with this filter. By properly adjusting the minimum and maximum diameters allowed by each filter, it should be possible to adjust the overlap and thus narrow the diameter distribution.
■ CONCLUSION
Using Raman spectroscopy, we have analyzed the relative density of defects in our CVD grown CNTs. High growth temperatures favor large diameter SWCNTs with few defects, whereas lower temperatures favor much narrower SWCNTs, but with more defects. We also see not only a trade-off between the quality and quantity of the SWCNTs 29 but also a trade-off in terms of their diameter. The similarities of these results to other CVD processes suggest several constraints on the mechanisms responsible for the production of defects, and, in particular, that this mechanism may be intrinsic to the growth of not just a CNT, but a graphene lattice in general. We propose the healing of defects, in particular a single type of simple defect, such as a pentagon/heptagon pair, as the CNTs grow as a possible mechanism to explain the observed temperature dependence of the defect density.
We have shown that there are clear systematic and reproducible changes in the distribution of SWCNT diameters as a function of growth temperature and C 2 H 2 pressure in our CVD process. The diameter-dependent effect of strain induced curvature energy of the bending of the graphene lattice into a CNT and the strain energy of the CNT cap are proposed thermodynamic "growth filters" and may explain our observations. The "phase diagram" for C 2 H 2 synthesis suggests
The Journal of Physical Chemistry C that small diameter SWCNTs are favored at low growth temperatures and high pressures. The overall diameter distribution is determined by several "growth filters", including the intrinsic thermodynamics mechanism discussed here. For growth to occur, all of these mechanisms must allow a common subset of CNTs. This provides guidelines for the controlled synthesis of SWCNTs with specific diameter distributions.
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